Citation: YANG, W. ... et al., 2016. Manganese coordination chemistry of bis(imino)phenoxide derived [2 + 2] Schiff-base macrocyclic ligands. Dalton Transactions, 45 (1), pp.226-236. Abstract-The [2 + 2] Schiff base macrocycles [2,2 / -(CH 2 CH 2 )(C 6 H 4 N) 2 -2,6-(4-RC 6 H 3 OH)] 2 (I R H 2 ), upon reaction with MnCl 2 (two equivalents) afforded the bimetallic complex [Cl 3 Mn(µ-Cl)Mn(I Me H 2 )] (1) or the salt complex [Cl 3 Mn(NCMe)][MnCl(I tBu H 2 )] (2). Under similar conditions, use of the related [2 + 2] oxy-bridged macrocycle [2,2 / -O(C 6 H 4 N=CH) 2 4-RC 6 H 3 OH] (II R H 2 ), afforded the bimetallic complexes {[2,6-(ArNHCH)-4-Me-C 6 H 2 O]MnCl} 2 [MnCl 4 ]·8CH 2 Cl 2 (Ar = 4-MeC 6 H 4 , 7·8CH 2 Cl 2 ) were prepared.
[(MnCl) 2 II R ] (R = Me 3, tBu 4), whilst the macrocycle derived from 1,2-diaminobenzene and 5,5 / -di-tert-butyl-2,2 / -dihydroxy-3,3 / -methylenedibenzaldehyde (IIIH 4 
Introduction
Over the last decade, there has been a great deal of interest in the chemistry of frameworks that are capable of binding two transition metals in close proximity, due primarily to the possibilities of beneficial cooperative effects. [1] Macrocycles bearing phenoxide groups as well as accessible nitrogen centres have attracted attention, particularly from groups with biological interests, because of their controllable coordination chemistry which has allowed for the study of structure-bioactivity relationships. [2] We have previously investigated the use Schiff-base macrocycles of type IH 2 , which are related to the much studied Robson-type macrocycles, [3] and have observed interesting structure/activity trends for organoaluminium complexes in the ring opening polymerization (ROP) of ε-caprolactone. [4] The metal coordination chemistry of this particular ligand set is unexplored, indeed a search of the CSD revealed no hits other than the structure of the parent pro-ligand IH 2 and a methylated derivative thereof. [5] Given this, we have initiated a programme to explore their transition metal chemistry, and have also extended our studies to include the related macrocycles IIH 2 and IIIH 4 (see scheme 1). We report here our initial studies on the manganese coordination chemistry of IH 2 -IIIH 4 , and report the molecular structures of five new complexes. A search of the CSD for manganese bound in 'N,O fashion' to a phenoxide motif bearing ortho imine groups revealed 116 hits. [6] We note that a number of dinuclear manganese complexes are of catalytic interest given their potential for catecholase activity, [7] whilst manganese Schiff-base complexes have also attracted attention for their antibacterial properties, [8] and have also been extensively employed in organic chemistry, for example as catalysts for asymmetric epoxidation. [9] As mentioned above, our interest stems from exploring the use of earth abundant transition metals as the metal centres in pre-catalysts for ROP, and herein, we have screened the manganese complexes for their ability to act as pre-catalysts in the ring opening polymerization (ROP) of ε-caprolactone; there is a lack of other Mn-based systems utilized in ROP of cyclic esters. [10] assigned to v(C=N). Small crystals of 1·3MeCN suitable for X-ray diffraction using synchrotron radiation were grown from acetonitrile at 0 o C. The macrocycle adopts a twisted conformation to accommodate two intramolecular H-bonds, see Figure 1 and Table S1 (ESI). The 'central' manganese [Mn (1)] possesses a trigonal bipyramidal geometry with phenoxy oxygen atoms axial and a chloride and two imine nitrogens in equatorial positions. The 'outer' manganese [Mn (2)] is distorted tetrahedral, and is linked to Mn (1) (see Figure S1 , ESI). In the packing of 1·3MeCN, there are weak intermolecular interactions, e.g. C(31)-H(31) … Cl(2) 2.61 Å (hydrogen bond geometries are given in Table S1 , ESI). Mn (1) (7), Mn(2) -Cl(1) 2.4659 (7), Mn(2) -Cl (2) 2.3542 (7), Mn(2) -Cl(3) 2.3430 (7), (2) 109.02 (2) , N(4) -Mn (1) -Cl(1) 119.39 (5) .
Use of the related 2,6-diformyl-4-tert-butylphenol [1,3- were obtained from acetonitrile on prolonged standing at ambient temperature. The molecular structure is shown in Figure 2 , with selected bond lengths and angles given in the caption. There is one molecule of the complex in the asymmetric unit, but no solvent of crystallization. The major difference from 1 is that Mn (2) is not linked to Mn ( (1) 2.3860(6), Mn(2) -Cl (2) 2.3269 (8), Mn(2) -Cl(3) 2.3241 (7), Mn(2) -Cl (4) 2.3043 (9); O(1) -Mn(1) -O(2) 173.72 (6), N(4) -Mn(1) -Cl(1) 122.79 (5) .
The [ respectively. The IR spectra of 3 and 4 contained a strong band at 1625 cm -1 assigned to v(C=N). Small crystals of 3·C 3 H 6 O suitable for an X-ray study using synchrotron radiation were grown from acetone at ambient temperature. There is one acetone of crystallization in the asymmetric unit, which is not in contact with the Mn 2 unit. The structure is shown in Figure 3 and reveals how the macrocycle is 'pinched' to accommodate coordination of the two severely distorted trigonal bi-pyramidal manganese centres. Atoms N(1)/O(3) are axial at Mn (1) (4), Mn(1) -N(2) 2.203 (4), Mn(1) -Cl(1) 2.3464 (14); O(1) -Mn(1) -O(3) 71.89 (12), Mn(1) -O(1) -Mn (2) 96.22 (12) , N(1) -Mn(1) -N (2) 111.16 (15) .
If the complex is recrystallized from acetonitrile, then a different crystal system results, and in this case the asymmetric unit contains four molecules of acetonitrile. However, the two metal complexes have similar conformations, with chlorides on the same side in both cases (emphasized in Figure 4 ). (5) and N(6)] or lie between molecules (exo). The acetonitrile containing N (5) also forms a weak C-H···N H-bond with C(7')-H(7') on an adjacent molecule at 2.53 Å. Molecules stack in columns along the a axis via centrosymmetric weak π···π interactions between 'tolyl' rings (see Figure   S4 , ESI). The Mn···Mn distances in 3·C 3 H 6 O and 3·4MeCN are 3.1983(10) and 3.3347(4) Å, respectively. (14), Mn(1) -N(1) 2.2468 (17), Mn(1) -N (2) 2.2060 (17), Mn(1) -Cl (1) 2.3639(6); O(1) -Mn (1) -O(3) 72.95 (5), Mn (1) -O(1) -Mn (2) 101.50 (6), N (1) -Mn(1) -N(2) 112.88 (6). (15), Mn(1) -N(1) 2.193 (2), Mn(1) -N(2) 2.270 (2), Mn(1) -Cl (1) 2.3571 (9); O(1) -Mn (1) -O(1A) 73.26 (7), Mn (1) -O(1) -Mn(1A) 100.80 (7), N(1) -Mn(1) -N (2) 112.92 (8) .
In the case of the related macrocycle derived from 2,6-diformyl-4-tert-butylphenol, reaction with MnCl 2 and similar work-up led to the isolation of the complex [(MnCl) 2 II tBu ] (4) in moderate isolated yield (50 %).
Crystals of 4·MeCN suitable for an X-ray study were grown from acetonitrile at ambient temperature. The molecular structure is shown in Figure 5 , with selected bond lengths and angles given in the caption. The molecule lies on a two-fold axis. The methyl groups on the tBu group at C(21) are disordered over two sets of positions; major component 52.8(7) %. As for the solvates of 3, the manganese centres in 4 adopt distorted trigonal bi-pyramidal geometries. The Mn···Mn distance in 4 is 3.3408 (8) (5·2MeCN), for which small orange/brown crystals could be grown from a saturated acetonitrile solution at ambient temperature. The diffraction data were collected using synchrotron radiation. The molecular structure is shown in Figure 6 . Half of the formula is unique, with the metal complex on a centre of symmetry. In this case each manganese centre is best described as adopting a In the packing of 5, head-to-tail weak C−H···Cl interactions exist between molecules giving rise to chains along the c axis (see Figure 7 ). Mn (1) -O(1) 1.849 (4), Mn (1) -O(2) 1.871 (4), Mn(1) -N(1) 1.986 (4), Mn(1) -N(2) 2.000 (5), Mn (1) -Cl (1) 2.379 (2); O(1) -Mn (1) (1) -Cl (1) 2.3344 (5), Mn(1) -Cl (2) 2.3137 (5),
Mn (1) -Cl(3) 2.3295 (5), Mn(1) -N(3) 2.1514 (15), H(1)···O (1) 1.90 (2), H (2)···O (1) 1.85 (2).
For structural and catalytic comparisons, the coordination chemistry of bis(imino)phenols of type IVH (see MeCN at 0 o C, and the structure is shown in Figure 8 , with selected bond lengths and angles given in the caption. In the essentially planar cation, both nitrogen atoms are involved in H-bonding to the phenolic oxygen. The cations stack parallel to a, and form six weak C -H … Cl interactions with four different anions (see Figure S9 , ESI for diagram and Table S2 for details of ππ contacts).
Given in the related iron(III) chemistry, use of an aryl group bearing no ortho substituents results in a complex rather than an ion-pair, [13] we attempted the same reaction using p-tolylamine. However, unlike the iron case, an orange salt complex 7, structurally different to 6, was isolated. Single crystals were grown from a saturated dichloromethane solution, which proved to be weakly diffracting and twinned [See X-ray 
Ring opening polymerization
Complexes 1 -7 (not 5) have been screened for their ability to ring open polymerize ε-caprolactone in the presence of benzyl alcohol (BnOH). For comparison, the salt complexes 6 and 7 have also been investigated. Compound 2 was used to optimize the polymerization conditions and the results are presented in Table 1 . Despite the good control (PDIs < 1.03), poor conversions were obtained (10.2 -13 4 %) at all temperatures in the range 60 to 110 o C (runs 3, 6 and 7), with little advantage on prolonging the reaction time to 48 h (run 5), changing the molar ratio of ε-caprolactone to pre-catalyst/BnOH (runs 8 -12) or even on changing the temperature. Results for 1 were similarly disappointing (runs 12 and 13); the yields and observed molecular weights (M n ) for 2 over 12 and 24 h were lower than found for 1. The use of complexes 3 or 4 led to no isolable product. The salt complexes 6 and 7 were similarly inactive. Conducting the runs in a solvent other than toluene, such as THF or CH 2 Cl 2 , gave no improvement in the observed catalytic activities. In general, the resulting polymer molecular weights were much lower than expected, which indicates that, in most cases, there were significant trans-esterification reactions occurring. However, given the disappointing conversions observed herein, further analysis of the activity trends and resultant PCL was not conducted. [15] We note that the use of manganese complexes as catalysts for α-olefin polymerization has met with similar poor results.
[16] chemical shifts are referenced to the residual protio impurity of the deuterated solvent. EPR spectroscopy was performed on an X-band ER200-D spectrometer (Bruker Spectrospin) interfaced to an ESP1600 computer and fitted with a liquid helium flow cryostat (ESR-900; Oxford Instruments), and the spectra were simulated with Simfonia. IR spectra (KBr discs) were recorded on a Perkin-Elmer 577 or 457 grating spectrophotometer. DSC analyses of polymer samples were performed on a TA Instruments DSC Q 1000.
Matrix Assisted Laser Desorption/Ionization-Time Of Flight (MALDI-TOF) mass spectrometry was performed on Bruker autoflex III smart beam in linear mode. MALDI-TOF mass spectra were acquired by averaging at least 100 laser shots. 2,5-Dihydroxylbenzoic acid was used as matrix and tetrahydrofuran as solvent. Sodium chloride was dissolved in methanol and used as the ionizing agent. Samples were prepared by mixing 20 μl of polymer solution in tetrahydrofuran (2 mg/ml) with 20 μl of matrix solution (10 mg/ml) and 1 μl of a solution of ionizing agent (1 mg/ml). Then 1 ml of these mixtures was deposited on a target plate and allowed to dry in air at room temperature. The [2 + 2] macrocycles were prepared as described in the literature. [5] All other chemicals were obtained commercially and used as received unless stated otherwise. Ring opening polymerization. Typical polymerization procedures in the presence of one equivalent of benzyl alcohol (Table 4 , run 1) are as follows. A toluene solution of 2 (0.010 mmol, in 1.0 mL toluene) and
Synthesis
BnOH (0.010 mmol) were added into a Schlenk tube in the glove-box at room temperature. The solution was stirred for 2 min, and then ε-caprolactone (2.5 mmol) along with 1.5 mL toluene was added to the solution. The reaction mixture was then placed into an oil bath pre-heated to the required temperature, and the solution was stirred for the prescribed time. The polymerization mixture was then quenched by addition of an excess of glacial acetic acid (0.2 mL) into the solution, and the resultant solution was then poured into methanol (200 mL). The resultant polymer was then collected on filter paper and was dried in vacuo. Girerd, Inorg. Chem. 2003, 42, 4568-4578 and references therein.
X-ray Crystallography
[17] APCI refers to the ionization method, Atmospheric Pressure Chemical Ionization, in which samples introduced into the APCI source via an Atmospheric Solids Analysis Probe (ASAP) are vaporized then ionized using a corona discharge (~ 4µA). The benefit of using ASAP is that samples can be introduced at ambient temperature as solids or in solution, then the temperature in the source is increased until the sample vaporizes.
[18] (a) SMART, SAINT, and APEX 2 software for CCD diffractometers. (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) 
